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ABSTRACT
We statistically study the physical properties of a sample of narrow absorption line
(NAL) systems looking for empirical evidences to distinguish between intrinsic and
intervening NALs without taking into account any a priori definition or velocity cut-
off. We analyze the spectra of 100 quasars with 3.5 < zem < 4.5, observed with X-
shooter/VLT in the context of the XQ-100 Legacy Survey. We detect a ∼ 8σ excess
in the CIV number density within 10, 000 km s−1 of the quasar emission redshift with
respect to the random occurrence of NALs. This excess does not show a dependence on
the quasar bolometric luminosity and it is not due to the redshift evolution of NALs. It
extends far beyond the standard 5000 km s−1 cut-off traditionally defined for associated
absorption lines. We propose to modify this definition, extending the threshold to
10,000 km s−1 when also weak absorbers (equivalent width < 0.2 A˚) are considered.
We infer NV is the ion that better traces the effects of the quasar ionization field,
offering the best statistical tool to identify intrinsic systems. Following this criterion
we estimate that the fraction of quasars in our sample hosting an intrinsic NAL system
is 33 percent. Lastly, we compare the properties of the material along the quasar line of
sight, derived from our sample, with results based on close quasar pairs investigating
the transverse direction. We find a deficiency of cool gas (traced by CII) along the line
of sight connected to the quasar host galaxy, in contrast with what is observed in the
transverse direction.
Key words: (galaxies:) quasars: absorption lines – (galaxies:) intergalactic medium
– galaxies: high-redshift
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1 INTRODUCTION
Supermassive black holes (SMBHs) are ubiquitous at the
center of stellar spheroids. Moreover, their mass is tightly
c© 2016 The Authors
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related to global properties of the host galaxy (e.g., Ko-
rmendy & Ho 2013; McConnell & Ma 2013; Ferrarese &
Merritt 2000). Despite this close interplay between SMBHs
and their host systems, several compelling questions remain
unanswered. Hence, a full description of why, how, and when
black holes alter the evolutionary pathways of their host
systems remain key questions in galaxy formation. High ve-
locity quasar outflows appear to be a natural byproduct of
accretion onto the SMBH and have therefore attracted much
attention as a mechanism that can physically couple quasars
to the evolution of their host galaxies.
Simulations of galaxy evolution (e.g., Booth & Schaye
2009; Sijacki et al. 2015; Schaye et al. 2015) suggest that
feedback from active galactic nuclei (AGN) plays a crucial
role in heating the interstellar medium (ISM), quenching
star formation and preventing massive galaxies to over-grow.
As a consequence, the colors of the host galaxies evolve
quickly and become red, in agreement with the observed
color distribution of nearby galaxies. Quasar outflows may
also contribute to the blowout of gas and dust from young
galaxies, and thereby provide a mechanism for enriching the
intergalactic medium (IGM) with metals and reveal the cen-
tral accreting SMBH as an optically visible quasar (Silk
& Rees 1998; Moll et al. 2007). Several mechanisms have
been proposed that could produce the force accelerating disk
winds in AGN, including gas/thermal pressure (e.g., Wey-
mann et al. 1982; Krolik & Kriss 2001), magnetocentrifugal
forces (e.g., Blandford & Payne 1982; Everett 2005) and ra-
diation pressure acting on spectral lines and the continuum
(e.g., Murray et al. 1995, Proga et al. 2000). In reality, these
three forces may co-exist and contribute to the dynamics of
the outflows in AGNs to somewhat different degrees.
Observations of outflows are mainly carried out in ab-
sorption against the central compact UV/X-ray continuum.
Absorption lines are usually classified based on the full width
at half maximum (FWHM) of their profiles. The broad
absorption lines (BALs) display deep, broad and typically
smooth absorption troughs with velocity width larger than a
few thousand km s−1. They clearly identify powerful outflows
with typical velocities of order 20, 000 to 30, 000 km s−1, al-
though velocities reaching 60, 000 km s−1 have also been mea-
sured 1 (Jannuzi et al. 1996; Hamann et al. 1997). BALs are
detected almost exclusively in the most luminous radio-quiet
quasars (RQQs) at a frequency of 12 − 23 percent (Hamann
et al. 1993; Hewett & Foltz 2003, Ganguly et al. 2007). Rel-
atively few radio-loud quasars (RLQs) are so far known to
display BAL systems (i.e., Brotherton et al. 1998; Becker et
al. 2001; Gregg et al. 2006).
The narrow absorption lines (NALs), on the other hand,
have relatively sharp profiles with FWHM . 300 km s−1
so that important UV doublets, such as CIV λλ 1548, 1550
A˚, are discernible. Unlike their very broad kin, these ab-
sorbers are generally not blended and, therefore, offer a
means to determine ionization levels and metallicities us-
ing absorption-line diagnostics. In addition, NALs are found
with greater ubiquity, and detected (with varying frequency)
in all AGN subclasses from Seyfert galaxies (e.g., Crenshaw
1 In this work the absorber velocity is assumed to be positive
when the observed line is blue shifted with respect to the quasar
emission redshift.
et al. 1999) to higher luminosity quasars (e.g., Ganguly et
al. 2001; Vestergaard 2003; Misawa et al. 2007) and from
steep to flat radio spectrum sources (Ganguly et al. 2001;
Vestergaard 2003), although the strongest ones appear pref-
erentially in RLQ spectra (Foltz et al. 1986; Anderson et al.
1987). Thus, NALs are more useful as probes of the phys-
ical conditions of outflows and provide an important tool
to investigate the quasar environment. They may give us
access to a different fraction, a different phase or different
directions through the outflow with respect to BALs (e.g.,
Hamann & Sabra 2004).
The limitation of NALs is that they arise from a wide
range of environments, from high speed outflows, to halo
gas, to the unrelated gas or galaxies at large distances from
the AGN. Since intrinsic gas clouds may also have small ex-
tents and masses similar to most intervening systems, below
an absorption strength of about 1 A˚ we will get contamina-
tions from intervening systems that are detected at similar
redshifts (and thus velocities) as the quasar and that are dif-
ficult to identify as intervening. The outflow/intrinsic origin
of individual NALs can be inferred from: i) time-variable
line-strengths, ii) resolved absorption profiles that are sig-
nificantly broader and smoother compared with the ther-
mal line widths, iii) excited-state absorption lines that re-
quire high gas densities or intense radiation fields, iv) line
strength ratios in multiplets that reveal partial coverage of
the background light source, v) higher ionization states than
intervening absorbers. Nonetheless, NALs can still be con-
nected to the quasar host without exhibiting such properties
(Hamann et al. 1997).
Previous studies have shown that NALs tend to cluster
near the emission redshift, at zabs ≈ zem. A significant ex-
cess of absorbers over what is expected from randomly dis-
tributed intervening structures was measured by Weymann
et al. (1979), with a distribution of intrinsic CIV NALs ex-
tending up to v ∼ 18, 000 km s−1. Foltz et al. (1986) con-
firmed such a statistical excess within ∼ 5000 km s−1 of zem.
However, other studies failed to confirm any peak in the
distribution of CIV absorption systems close to the emis-
sion redshift (Young et al. 1982; Sargent et al. 1988). Af-
ter the work by Foltz et al. (1986), it has been tradition-
ally assumed that NALs falling at less than 5000 km s−1
from the systemic redshift of the quasar are likely intrinsic
and directly influenced by quasar radiation. These systems
have been commonly defined as associated absorption lines
(AALs) and those with velocity displacements greater than
5000 km s−1, as intervening systems. Despite the commonly
adopted threshold of 5000 km s−1 to distinguish intervening
and associated absorbers, there is some evidence of a sta-
tistically significant excess of NALs extending to somewhat
larger velocities (Misawa et al. 2007, Nestor et al. 2008, Tripp
et al. 2008, Ganguly et al. 2013).
Large spectroscopic surveys provide a statistical means
of measuring the frequency with which outflows are ob-
served. This frequency can be easily related with the fraction
of solid angle subtended by outflowing gas (e.g., Elvis 2000).
Alternatively, the frequency can be interpreted as the frac-
tion of the duty cycle over which AGNs produce outflows
(assuming they subtend 4pi sr).
Ganguly & Brotherton (2008) provide a review of the
recent literature regarding the frequency of outflows, find-
ing that, almost independently of luminosity, about 60 per-
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cent of AGNs show outflows in absorption (considering both
BALs and NALs; see also Hamann et al. 2012). However, this
estimate is based on several simplifying assumptions and is
affected by large uncertainties due to the inhomogeneity of
the samples under consideration. In the case of NALs, the
estimate of the frequency of outflows (based on the iden-
tification of intrinsic systems) has been carried out mainly
in two ways: 1) with small samples of high redshift spectra,
identifying intrinsic systems using mainly the partial cover-
age effect (Ganguly et al. 2001; Misawa et al. 2007; Ganguly
et al. 2013). In particular, Ganguly et al. (2013) found a
possible evidence of redshift evolution of the fraction of out-
flows with 9 − 19 percent at 0 < z < 0.7, 14 − 29 percent
at 0.8 < z < 2 and 43 − 54 percent at 2 < z < 4 (Misawa
et al. 2007). 2) with very large samples at low resolution
(based on SDSS) where the incidence of intrinsic systems
is determined statistically by modeling the velocity offset
distribution of absorbers (Nestor et al. 2008; Wild et al.
2008; Isee also Bowler et al. 2014). In particular, Nestor et
al. (2008) found a fraction of outflows of ∼ 14 percent (for
0 < v < 12, 000 km s−1) which should be considered as a lower
limit due to the uncertainties related with the low resolution
and S/N of the spectroscopic sample.
In this paper, we present a new survey of NALs to inves-
tigate the fraction of outflows in a previously unstudied red-
shift range, based on intermediate spectral-resolution obser-
vations from the echelle spectrograph X-shooter on the Eu-
ropean Southern Observatory (ESO) Very Large Telescope
(VLT) of 100 high redshift quasars (zem ' 3.5−4.5). The tar-
get quasars were originally selected without regard to NAL
properties, although BAL quasars were avoided. Thus, these
data allow us to construct a large and likely unbiased sam-
ple of NALs. Lo´pez et al. (2016; Lo´pez16, hereafter) provides
details on the survey design.
The combination of high signal-to-noise ratio (S/N),
wide wavelength coverage and moderate resolution of our
survey have allowed us to look for empirical signatures to
distinguish between the two classes of absorbers: intrinsic
(produced in gas that is physically associated to the quasar)
and intervening, without taking into account any a priori
definition or velocity cut-off. We also take advantage of the
large spectral coverage (from the UV cutoff at 300 nm to
2.5 µm) of our spectra to study the relative numbers of NALs
in different transitions, indicative of the ionization structure
of the absorbers and their locations relative to the contin-
uum source.
The paper is organized as follows: §2 describes the prop-
erties of the quasar sample and briefly summarizes the obser-
vations; §3 describes our methodology for identifying NALs.
Our results are presented in §4 and their implications in the
context of relevant studies are discussed in §5. Our conclu-
sions are summarized in §6. Throughout this manuscript, we
adopt a ΛCDM cosmology with ΩM = 0.315, ΩΛ = 0.685, and
H0 = 67.3 km s−1Mpc−1 (Planck Collaboration et al. 2014).
2 QUASAR SAMPLE AND OBSERVATIONS
The quasars in our sample have been originally selected and
observed in a new Legacy Survey, hereafter ”XQ-100”, of 100
quasars at emission redshift zem = 3.5− 4.5 (ESO Large Pro-
gramme 189.A-0424). The observations have been carried
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Figure 1. Redshift distribution of our quasar sample (diago-
nal filled histogram), compared with previous works: Vestergaard
2003 (open dotted histogram); Misawa et al. 2007 (dark shaded
histogram); Ganguly et al. 2013 (diamond filled histogram). XQ-
100 enlarge the studied redshift range to higher values.
out with X-shooter/VLT (Vernet et al. 2011). The released
spectra provide a complete coverage from the atmospheric
cutoff to the NIR with a spectral resolution R ≈ 6000− 9000
depending on wavelength, and a median signal-to-noise ratio
S/N ∼ 30 at the continuum level. XQ-100 provides the first
large intermediate-resolution sample of high-redshift quasars
with simultaneous rest-frame UV/optical coverage. A full
description of the target selection, observations, and data
reduction process is presented by Lo´pez16. The distribution
of quasar emission redshifts is shown in Fig. 1 compared
with those of other relevant works.
XQ-100 was designed to address a wide range of high-
redshift science (for an extensive list, see Lo´pez16). The tar-
gets were not selected on account of the presence of ab-
sorption lines in their spectra, although BAL quasars were
avoided, so the sample is relatively unbiased with respect
to the properties of NALs. Therefore, XQ-100 represents
a unique dataset to study the rest-frame UV and optical
of high-z quasars in a single, homogeneous and statistically
significant sample.
The bolometric luminosities Lbol of all the quasars in
our sample are estimated based on the observed flux at λ =
1450 A˚ and using a bolometric correction factor L = 4.2 λ Lλ
(Runnoe et al. 2012).
An important point for our study is to obtain accurate
systemic redshift for the quasars in order to determine the
relative velocity/location of the absorbers. This is crucial
especially for the associated systems. The quasar emission
redshifts of our sample have been obtained from a Principal
Components Analysis (PCA; see e.g., Suzuki et al. 2005).
For a complete description of the procedure, see Lo´pez16.
2.1 Radio properties
Previous studies have shown that there is a possible de-
pendence of the presence of associated systems on the ra-
dio properties of the inspected quasars (Baker et al. 2002,
MNRAS 000, 1–17 (2016)
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Vestergaard 2003). For this reason, we have also investigated
the radio properties of the XQ-100 sample.
Matching our sample with the FIRST catalogue (Becker
et al. 1995), we have found radio information for 67 over
100 quasars. According to our determination of the radio-
loudness parameter, 12 objects are radio-loud and 55 are
radio-quiet. Most likely the objects which are not in the
FIRST catalogue are also radio-quiet. As a consequence, we
will consider the XQ-100 sample as a substantially radio-
quiet sample.
The radio-loudness of a quasar is typically parametrized
by the ratio between the rest-frame flux densities at 5 GHz
and 2500 A˚, i.e., R = fν(5 GHz)/fν(2500) A˚ (Sramek & Weed-
man 1980). We compute the radio flux density at rest-frame
5 GHz, frestν (5 GHz), from the observed flux density, f
obs
ν (ν), at
observed frequency ν:
log frestν (5 GHz) = log f
obs
ν (ν) + αrlog(5GHz/ν)
− (1 + αr) log (1 + zem),
(1)
where αr is the spectral index, fν ∼ να. We assume αr = −0.5
(e.g., Ivezic et al. 2004). The flux density frestν (2500) A˚, is
derived from a power-law fit to our own data.
Following Ganguly et al. (2013), we adopt R ≥ 23 as the
criterion for radio loudness.
The most important properties of the quasars in our
sample are summarized in the Table 1. Columns (1) and (2)
of the Table 1 give the quasar name and emission redshift,
column (3) the bolometric luminosity and column (4) quasar
radio type.
3 SAMPLE OF NAL SYSTEMS
3.1 Identification and measurement of CIV
absorbers
With the aim of mapping the incidence of NALs in quasar
rest-frame velocity space, we produce a catalog of the ultra-
violet doublet CIV λλ 1548.204, 1550.782A˚. Since we do not
impose an a priori velocity definition of associated system,
we look for any CIV absorber outside the Ly−α forest in
each spectrum.
Although continuum estimates are available for the XQ-
100 public data release, we elect to perform our own contin-
uum fits, due to the sensitive nature of accurate continuum
placement close to the quasar emission lines. For each tar-
get the continuum level is determined by fitting with a cu-
bic spline the portions of the spectrum free from evident
absorption features in the region redward of the Ly−α emis-
sion of the quasar. We then normalize to the continuum level
the flux and error arrays. We visually inspect all the quasar
spectra looking for CIV doublets using the LYMAN con-
text of the MIDAS reduction package (Fontana & Ballester
1995). We select all the candidates λ1548 and λ1550 tran-
sitions with matching kinematic profiles. We make use of
the TELLURIC task of the Image Reduction and Analysis
Facility package (IRAF; Tody 1986) to apply appropriate
corrections to each spectrum in the spectral regions affected
2 Wavelengths and oscillator strengths used in this work are
adopted from Morton (2003).
by the telluric bands. This latter step allows us to remove
telluric features and to have a more firm identification of the
lines. At a first run through, absorption troughs that are sep-
arated by unabsorbed regions are considered to be separate
lines. In this manner, 1098 CIV doublets are identified.
The rest-frame equivalent width (W0) and its measure-
ment error are measured for each line by integrating across
the flux density and error array, respectively, over a user-
defined interval. The interval extremes are defined by the
wavelengths where the flux matches again the level of the
continuum. For the statistical analysis we include in our
sample of NALs only doublet lines whose weaker member
is detected at a confidence level greater than 3σ i.e., each
W1550 is larger than the detection limit, given by:
Wlim = nσ
FWHM
(1 + zabs) S/N
(2)
where, nσ is equal to 3, FWHM is computed as the ratio of
the observed wavelength λ and the spectral resolution, zabs
is the absorption redshift of the line and S/N is the signal to
noise ratio per pixel in the consider region.
The NAL sample defined by this limit contains 1075
CIV doublets. Furthermore, as CIV absorption is relatively
common in quasar spectra, blending of systems at similar
redshifts could be a problem. Therefore, when either the
λ1548 or the λ1550 CIV component is blended with other
transitions we include the doublet in the complete sample
only if the doublet ratio, defined as the ratio of equivalent
widths of the stronger to the weaker component, is in the
range 0.8-2.2. The theoretical ratio for this doublet is 2,
so the above mentioned interval is adopted to account for
blending effects and is determined from CIV narrow absorp-
tion doublets clearly not affected by blending. Adopting this
criterion the sample is reduced to 1060 doublets.
To refine our sample for statistical analysis, we combine
NALs that lie within 300 km s−1 of each other into a single
system. This makes the sample homogeneous. This cluster-
ing velocity is chosen considering the largest velocity extent
of an absorber in our sample for which it is not possible
to discern the individual components. Therefore, we take
300 km s−1 as the minimum velocity separation for which
two absorbers are counted separately. To identify CIV sys-
tems, we proceed in the following way: for each list of CIV
components corresponding to a single quasar the velocity
separations among all the lines are computed and sorted
in ascending order. If the smallest separation is less than
dvmin = 300 km s−1 the two lines are merged into a new line
with equivalent width equal to the sum of the equivalent
widths, and redshift equal to the average of the redshifts
weighted with the equivalent widths of the components. The
velocity separations are then computed again and the proce-
dure is iterated until the smallest separation becomes larger
than dvmin.
The absorber velocity with respect to the quasar sys-
temic redshifts is conventionally defined as vabs = β c, we
compute it by the relativistic Doppler formula (e.g., see
Vestergaard 2003),
β ≡ vabs
c
=
(1 + zem)2 − (1 + zabs)2
(1 + zem)2 + (1 + zabs)2
(3)
where zem and zabs are the emission redshift of the quasar
MNRAS 000, 1–17 (2016)
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Table 1. The full table is available online.
Quasar zEM log Lbol Radio type zabs ion logNa W0
(1) (2) (3) (4) (5) (6) (7) (8)
J1013+0650 3.808 46.100 ± 0.014 RL 2.911 CIV 13.92 ± 0.04 0.278 ± 0.007
2.944 CIV 13.39 ± 0.05 0.091 ± 0.006
3.081 CIV 13.48 ± 0.05 0.098 ± 0.005
3.236 CIV 14.14 ± 0.06 0.428 ± 0.005
SiIV 13.56 ± 0.04 0.266 ± 0.005
3.283 CIV 13.95 ± 0.04 0.318 ± 0.006
SiIV 12.68 ± 0.03 0.046 ± 0.005
and the absorption redshift of the line, respectively and c
is the speed of light. Our final sample consists of 986 CIV
doublets with −1000 < vabs < 73, 000 km s−1 and equivalent
widths 0.015 A˚<W0 <2.00 A˚.
We finally measure the column densities (N) of the lines
with the apparent optical depth (AOD) method (Savage
& Sembach 1991; Sembach & Savage 1992). This method
provides a quick and convenient way to convert velocity-
resolved flux profiles into reliable column density measure-
ments for intergalactic absorption lines, without the need to
follow a full curve-of-growth analysis or detailed component
fit and without requiring prior knowledge of the component
structure. The latter aspect is particularly important when
high resolution data are not available. In the AOD method, a
velocity-resolved flux profile F(v) is converted to an apparent
optical depth profile τa(v) using the relation
τa(v) = ln[Fc(v)/F(v)], (4)
where Fc(v) and F(v) are the continuum and the observed
line fluxes at velocity v, respectively. Then the apparent op-
tical depth profile can be converted into an apparent column
density profile according to
Na(v) = 3.768 × 1014 (fλ)−1 τa(v) cm−2 (km s−1)−1, (5)
where f is the oscillator strength of the transition and λ is the
transition restframe wavelength in A˚ (Savage & Sembach
1991). The total apparent column density is then
Na =
∫ v+
v−
Na(v) dv (6)
where v− and v+ are the velocity limits of the line. This
technique offers very good results if applied to spectra with
S/N& 20 (Fox et al. 2005). When two lines of different
strength of the same ionic species are available, the AOD
method allows us to assess and correct for the level of satura-
tion in the data by comparing the apparent column density
derived from the stronger line with that derived from the
weaker one (Savage & Sembach 1991; Jenkins 1996). There-
fore, we take advantage of this method to correct the column
density of the CIV doublets when the stronger component
is saturated. We define as saturated lines which have flux
density levels at the wavelength of peak absorption of less
than 0.2 in the normalized spectra (Krogager et al. 2016).
When both components are saturated we do not compute
the column density for the system in question.
Table 2. Number and fraction of CIV systems with detected NV,
SiIV and CII.
−0.1 < vaabs < 0.25 0.25 < vaabs < 0.55 vaabs < 0.5
CIV 72 68 122
NV 34; 47% 12; 18% 43; 35%
SiIV 26; 36% 27; 40% 46; 53%
CII 7; 10% 10; 15% 16; 13%
a vabs is measured in unity of 104 km s−1.
Note: the bin in the second column is extended to 5500 km s−1
to include all the NV absorptions detected. The third column
shows the number and fraction of associated CIV systems with
other detected ions.
3.2 Identification of other species
The detection of a single species in a single ionization state
substantially limits the information on the nature and the
physical properties of the studied absorbers. The quality and
wavelength extent of our spectra give us the possibility to
search for other common ions (NV, SiIV and CII) related
to each detected CIV absorber. Furthermore, for the ions
mentioned above, we search for absorption lines not related
to the identified CIV, but we do not find any.
We identify NV, SiIV doublets and CII in the following
regions:
(i) NV λλ1238.821, 1242.804 A˚ absorption doublets: from
−1000 to 5500 km s−1 with respect to the quasar’s NV emis-
sion line. The velocity range is relatively narrow for this
transition because contamination by the Lyα forest prevents
us from searching for NV NALs at larger velocity offsets;
(ii) SiIV λλ1393.760, 1402.772 A˚ absorption doublets:
from −1000 to 45, 000 km s−1 with respect to the quasar’s
SiIV emission line;
(iii) CII λ1334.532 A˚ absorption: from −1000 to
10, 000 km s−1 with respect to the quasar’s CII emission line.
The same procedures of analysis described above for
CIV are applied to NV, SiIV and CII as well. In particu-
lar, we require the detection level for the weaker member of
the doublets to be 3σ, and 5σ for single absorption lines.
The final sample includes 574 SiIV (234 detections, 340 up-
per limits), 140 NV (46 detections, 94 upper limits) and 142
CII (28 detections, 114 upper limits). See Table 2 for more
details on the associated region. The non-detections are re-
ported as upper limits. They are calculated by integrating
across the expected location of each species in the spectrum,
at a velocity extension similar to that of the corresponding
MNRAS 000, 1–17 (2016)
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Figure 2. Cumulative distribution of the number of quasars with
3σ rest-frame Wlim detection limit larger than a given W1548 value
and for several β-values. The black solid line represents the dis-
tribution for β = 0.0, the dot-dashed one represents the β = 0.1
distribution. The cumulative distributions for β > 0.1 overlap with
the β = 0.1 distribution and are not marked. The cumulative dis-
tribution of the number of quasars showing at least one detected
absorber with W1548 larger than a given threshold is reported
for comparison (dotted line, labeled ”Measured”). The 90 percent
completeness level is marked by the dashed horizontal line. The
3σ detection limit measured to a completeness level of ∼ 90 per-
cent is W1548 = 0.015 A˚ (dashed vertical line).
CIV absorber. This procedure is actuated when spurious ab-
sorption lines are not present in the considered portion of
the spectra.
For the remainder of the paper, W0 represents the rest
frame equivalent width of the stronger member of a given
doublet. Columns (7) and (8) of Table 1 report the apparent
column density of the absorbers and the equivalent width of
the lines combined into single systems within 300 km s−1, re-
spectively. Examples of the identified absorbers are reported
in the appendix.
3.3 Completeness Limits
In order to estimate the completeness of our sample, we
test the detection sensitivity of the whole dataset. We com-
pute the cumulative distributions of the number of quasars
with Wlim larger than a given value of W1548 and within a
given velocity separation from the quasar emission redshift.
Wlim is measured from Eq. 2, for various absorber velocities
(parametrized by β) in the spectra of all quasars. The results
are shown in Fig. 2.
The black solid line and the dot-dashed one represent
the distributions for β = 0.0 and β = 0.1, respectively. The
lines corresponding to the cumulative distributions relative
to values of β between β = 0 and β = 0.1 span the shaded
area in the plot. For increasing β-values, the cumulative dis-
tributions overlap the one with β = 0.1.
The cumulative distributions show that in our sam-
ple the CIV detection sensitivity drops below 90 percent at
W1548 ≈ 0.015 A˚ for β ≥ 0.1 (vertical and horizontal dashed
lines in Fig. 2). This is explained by the identical spec-
tral coverage and the uniformity in S/N of the spectra in
our sample. More explicitly, at β = 0.02 (0.10), correspond-
ing to 6000 km s−1 (30000 km s−1), the completeness level of
Wlim ≥ 0.015 A˚ absorbers is ≥ 93 percent (≥ 90 percent). Part
of the cumulative distribution of the number of quasars with
at least one identified CIV line stronger than a given thresh-
old is also shown in Fig. 2 for comparison (dotted line). It
is noticeable from the plot that more than 87 percent of the
quasars in our sample have at least one CIV detection with
W1548 above the 0.015 A˚ completeness limit. The results of
the completeness test are collected in Table 3.
4 RESULTS
Using the complete CIV sample described in the previous
section, we first investigate the equivalent width distribu-
tion and the number density of absorbers per unit of veloc-
ity interval as a function of the velocity separation from the
quasar, i.e., the velocity offset distribution, dn/dβ = c dn/dv,
where β is computed in Eq. 3. Then, we examine the relative
number of NALs in different transitions and their velocity
offset distributions. The goal is to investigate the ionization
structure of the absorbers and their locations relative to the
continuum source. We also estimate the number of intrinsic
NALs per quasar, and the fraction of quasars hosting intrin-
sic NALs. These values can be used to study the geometry
of absorbing gas around the quasar.
To further characterize the metal absorptions associ-
ated to galaxies hosting z ∼ 4 quasars, we examine the dis-
tributions of the covering fractions. Finally, we briefly look
for dependencies of the NAL properties relative to those of
their quasar hosts. We choose to show the plots of this sec-
tion in equivalent width and not in column density to better
compare our results with previous works present in the liter-
ature. The statistical significance of the results remains the
same using column density.
4.1 Equivalent Width Distribution
The distribution of rest-frame equivalent widths of the CIV
absorbers is shown in Figure 3 (light shaded histogram). It
rises steeply towards the detection limit of 0.015 A˚, marked
in the diagram by the dashed line.
It is evident from the insert of Figure 3 that very few of
the identified lines are excluded from the analysis because
are weaker than the detection level required. We can also
note that more than half of the absorbers (∼ 63 percent) have
W1548 < 0.2 A˚. Thanks to the intermediate resolution of X-
shooter and to the high S/N level of the XQ-100 sample, we
are probing much weaker lines than previous works at lower
spectral resolution. For example, in the study of Weyman et
al. (1979) the rest-frame equivalent width limit was about
0.6 A˚, while Young et al. (1982), Foltz et al. (1986) and
Vestergaard (2003) reach a limit of about 0.3 A˚, larger than
91 percent and 76 percent of the CIV lines in our sample,
respectively. Also Misawa et al. (2007), a study based on
data at larger resolution than ours, obtain a detection limit
of ∼ 0.056 A˚, larger than 17 percent of NALs detected in our
sample, due to the lower S/N of their spectra.
Equivalent width distributions from Vestergaard (2003,
diagonal filled histogram) and Misawa et al. (2007, dark
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Table 3. Results of the completeness test for various absorber velocities, parametrized by β.
Fraction of quasars with Wlim [A˚]
Wlim<0.005 Wlim>0.005 Wlim>0.01 Wlim>0.015 Wlim>0.02 Wlim>0.025 Wlim>0.03
β = 0.00 0.31 0.84 0.97 0.99 1.00 1.00 1.00
β = 0.01 0.21 0.69 0.90 0.97 1.00 1.00 1.00
β = 0.02 0.12 0.57 0.86 0.93 0.98 1.00 1.00
β = 0.03 0.08 0.49 0.79 0.91 0.96 0.99 1.00
β = 0.04 0.07 0.42 0.77 0.89 0.97 0.99 0.99
β = 0.10 0.07 0.39 0.76 0.90 0.97 1.00 1.00
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Figure 3. The rest-frame equivalent width distribution of all
CIV systems in our sample (light shaded histogram). The vertical
dashed line marks our detection limit of 0.015 A˚. Distributions
measured by previous works are also shown: Vestergaard 2003
(diagonal filled histogram) and Misawa et al. 2007 (dark shaded
histogram). The insert shows the details of the bottom left region
of the histogram.
shaded histogram) are also shown in Fig. 3 for compari-
son. The XQ-100 survey data can better detect and resolve
weak lines with respect to Vestergaard (2003). The compari-
son with Misawa et al. (2007) illustrates that high resolution
data, able to detect and better resolve weak lines, are usually
based on less statistically significant samples.
4.1.1 Dependence on radio properties
We investigate possible differences between RLQs and RQQs
with respect to the NAL properties and we do not find any.
A direct comparison of the incidence of the absorbers with
previous works is non-trivial. The aspects that play a crucial
role are the spectral resolution and the different properties
of the targets. Two different samples can have: i) differences
in the radio properties and intrinsic luminosities of the tar-
gets, ii) different ranges in W1548 of the detected absorbers,
iii) different number of targets with a full coverage of the
associated region.
With the aim of comparing the equivalent width dis-
tribution in our analysis with previous studies, we focus on
systems with W1548 > 1.5 A˚ following Vestergaard (2003) who
claimed the strongest systems are likely intrinsic candidates.
The Vestergaard sample has 66 RLQs and 48 RQQs, nearly
the same number, unlike ours, in which only 17 percent
(12/67) of the targets for which we have information about
radio properties, are radio-loud. If we consider separately the
radio-loud and radio-quiet objects in the Vestergaard sam-
ple, only 5/66 and 1/48 quasars exhibit at least one CIV
NAL with W1548 > 1.5 A˚, respectively. Thus, a weighted pre-
diction based on the fraction of RQQ and RLQ in our sample
on the number of very strong CIV NALs is that two should
be detected. Indeed, we do detect exactly two such absorbers
with W1548 > 1.5 A˚. The fraction of radio-loud quasars in
our sample (17 percent) is only slightly larger than the gen-
eral population (∼ 10 percent). As a consequence, we do not
expect to be biased toward strong NALs in RLQs, unlike
Vestergaard (2003) whose sample was formed by more than
50% RLQs since the aim was to compare the NALs in RLQs
and RQQs. The distribution of weaker lines is considered in
the next sections.
4.2 Velocity Offset Distributions
The velocity offset distributions of the number density of
CIV and SiIV NALs in our study are presented in Fig. 4,
left and right panels, respectively. In both diagrams the up-
per panel shows the distribution of the whole sample while in
the bottom one the sample is split in two according to the
strength of the NALs’ equivalent widths: the color-shaded
histogram represents the weak lines (W0 < 0.2 A˚ ) and the
black hashed histogram the strong lines (W0 > 0.2 A˚ ). Error
bars indicate 1σ Poissonian uncertainties. The zero veloc-
ity corresponds to the emission redshift of the quasar. The
observed distributions include contributions from: i) inter-
vening systems; ii) environmental absorption which arises
either in the interstellar medium of the AGN host galaxy or
in the IGM of the galaxy’s group or cluster; and iii) outflow
systems that are ejected from the central AGN.
We do find an excess of the number density of NALs
within 10, 000 km s−1 of the emission redshift. The excess is
clearly detected in both the velocity offset distributions of
CIV and SiIV NALs within the first two bins, starting from
vabs = −1000 km s−1. Since there is not a sizeable change in
sensitivity to finding absorbers as a function of velocity, as
shown in § 3.2, and our spectra have all the same wavelength
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Figure 4. Velocity offset distribution of the number density of CIV (left) and SiIV (right) absorbers. Top panels: whole sample. Bottom
panels: the color-shaded histogram represents the distribution of NALs with W0 < 0.2 A˚, the black hashed histogram represents the
distribution of NALs with W0 > 0.2 A˚. The error bars represent the propagation of the Poissonian uncertainties. The horizontal dotted
line represents the average number of systems measured in bins of 5000 km s−1 far from the zem, and the shaded area around it is the 1σ
error of this mean value. Contamination by the Ly-α forest prevented us from exploring the same velocity range for the two ions.
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Figure 5. Velocity offset distribution of the number density of CIV (left) and SiIV (right) absorbers. The color-shaded histogram
represents the distribution of NALs with Lbol < 46.8 erg s−1, the black hashed histogram represents the distribution of NALs with
Lbol > 46.8 erg s−1. Top panels: whole sample. Middle panel: subsample of lines with W0 > 0.2 A˚. Bottom panels: subsample of lines with
W0 < 0.2 A˚. The error bars represent the propagation of the Poissonian uncertainties.
coverage, beyond the first two bins we see an approximately
constant value expected for intervening systems.
To assess whether the detected excess is statistically sig-
nificant over random incidence or not, we firstly compute the
average occurrence of CIV absorption in bins of 5000 km s−1
at large velocity separation (vabs > 5 × 104 km s−1) from zem,
where we are more confident that systems are intervenings.
The average number density of CIV expected for the whole
sample is 31 ± 4 per dv = 5000 km s−1 bin, to be compared
with dn/dβ = 59 and 64 that we find at velocity separations
of −1000 < vabs < 5000 km s−1 and 5000 < vabs < 10, 000 km s−1,
respectively. This corresponds to a ∼ 8σ excess in the first
two bins. The extension of the first bin to −1000 km s−1 is
justified and motivated by the need to take into account un-
certainties in the systemic redshift and to consider possible
inflows. We also compute the average occurrence of CIV ab-
sorptions in bins of 5000 km s−1 excluding only the first two
velocity bins, obtaining 37 ± 5, and the excess is still sig-
nificant (∼ 6σ). Most of the excess in the first bin can be
explained by the subset of CIV absorptions with detected
NV. Indeed, if we exclude those systems, we obtain a num-
ber density of 38, that is within 1.32σ of the average value.
The equivalent values corresponding to weak (W0 < 0.2 A˚ )
and strong (W0 > 0.2 A˚ ) lines are reported in Table 4.
Hence, the excess is real over the random incidence for
the whole sample of CIV NALs. When divided by equivalent
width (see the bottom panel of Fig. 4) CIV absorbers show
a significant excess over the random occurrence at 5000 <
vabs < 10, 000 km s−1 for both weak and strong lines. While,
MNRAS 000, 1–17 (2016)
Nature and statistical properties of quasar NALs 9
Table 4. Occurrence of NALs in the CIV and SiIV velocity offset
distributions.
Randoma Excessb Significancec
All CIV sample 32.2 ± 4.4 59.5; 64.2 6.5σ; 7.6σ
W1548 > 0.2 A˚ 13.2 ± 2.9 29.0; 18.6 5.5σ; 1.9σ
W1548 < 0.2 A˚ 17.5 ± 3.3 30.5; 45.6 4.0σ; 8.6σ
All SiIV sample 13.6 ± 2.8 22.5; 26.4 3.1σ; 4.5σ
W1393 > 0.2 A˚ 4.6 ± 1.7 8.5; 5.4 2.3σ; 0.5σ
W1393 < 0.2 A˚ 9.0 ± 2.3 14.0; 21.0 2.1σ; 5.2σ
a Average number density of NALs in bin of 5000 km s−1
away from the zem (vabs > 5 × 104 km s−1, for CIV and
vabs > 2 × 104 km s−1, for SiIV);
b number density of NALs in the first two bins:
−1000 < vabs < 5000 km s−1 and 5000 < vabs < 10, 000 km s−1;
c significance of the excess over the random occurrence.
at vabs < 5000 km s−1 the excess is more significant for the
strong lines. We will come back to this point in section §5.1
The excess occurs also in the SiIV velocity offset distri-
bution (see Fig. 4, right panels). As was the case for CIV, the
full SiIV sample shows an excess over a random incidence in
the first two velocity bins (< 10, 000 km s−1). We would like to
highlight the different shape of the two distributions for the
strong lines. The SiIV excess is less significant over the ran-
dom incidence with respect to the CIV one. The possibility
that these excesses are due to the environment surrounding
the host galaxies of luminous quasars is discussed in section
§5. All the computed numbers for the SiIV velocity offset
distributions are reported in Table 4.
Next we investigate the possible dependence of the NAL
velocity offset distributions on the quasar bolometric lumi-
nosity. The results are presented for CIV and SiIV in Fig. 5,
left and right plots, respectively. To this aim the sample is
split in two according to the quasar bolometric luminosity.
In both diagrams the upper panel shows the velocity off-
set distribution for the whole sample of lines, and the mid-
dle and the bottom panels show the results for lines with
W0 > 0.2 A˚ and W0 < 0.2 A˚, respectively. Color-shaded his-
tograms represent the lines detected in quasars with lumi-
nosity log (Lbol) < 46.8 erg s−1, while the black hashed his-
togram shows those in quasars with log (Lbol) > 46.8 erg s−1.
In both of the upper panels, the more luminous objects
exhibit a slightly larger fraction of absorbers. We explore
the possibility that this trend is due to the different S/N be-
tween the quasar spectra. Although the S/N in our sample is
quite homogeneous, the most luminous quasars have slightly
larger S/N spectra, as shown in Fig 6. If the observed effect
is due to S/N, we should not see the same behavior of the
velocity offset distributions for the stronger lines, that are
less affected by the different S/N. Indeed, we do not see any
difference related with the bolometric luminosity for those
lines (see middle panels of Fig. 5). The weaker lines show the
same slight dependence from the bolometric luminosity we
found in the whole sample (see lower panels of Fig. 5). Thus,
there is no evidence of a correlation between the incidence of
absorbers observed in the offset velocity distribution and the
quasar bolometric luminosity for both CIV and SiIV. The
difference in Fig. 5 can be ascribed to the slightly higher
S/N of the spectra of the brighter objects. This effect with
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Figure 6. S/N (average pixel S/N near rest-frame wavelength
1700 A˚) distribution of XQ-100 targets. The shaded histogram
represents the quasars with log(Lbol) > 46.8, the diagonal filled
histogram represents those with log(Lbol) < 46.8.
S/N was seen before for MgII absorbers (e.g., Lawther et al.
2012; Me´nard et al. 2008).
To summarize, we detect a ∼ 8σ excess of NALs within
10, 000 km s−1 of the zem over the random occurrence of
NALs. This excess is expected (Foltz et al. 1986; Ganguly
et al. 2001; Vestergaard 2003), but extends to somewhat
larger velocities than the standard 5000 km s−1 velocity cut-
off adopted to define associated system, in general agree-
ment with the results of Weymann et al. (1979), Misawa et
al. (2007), Tripp et al. (2008), Wild et al. (2008) and Nestor
et al. (2008). This common used cut-off is determined for
high value of W1548 NALs and if we limit our analysis to
W1548 > 0.2 A˚ our results are consistent with those of previ-
ous works. The extended velocity range of associated NALs
is seen especially for the weaker lines W1548 < 0.2 A˚ (but
above our detection limit, 0.015 A˚). Based on this excess
frequency, we adopt 10, 000 km s−1 as the nominal bound-
ary between intervening and associated systems. Because
this velocity range of associated absorbers is statistically
motivated, additional associated NALs may be present at
vabs > 10, 000 km s−1, just as there may be some intervening
NALs in the excess of lines with respect the average value
at vabs < 10, 000 km s−1.
4.3 Absorber number density evolution dn/dz
As a final test we want to assess whether the excess we
find is due to the NAL redshift evolution. We estimate the
number of absorbers in the considered range of velocity offset
that are expected due to intervening structures at the same
redshift. We calculate the number density evolution dn/dz
splitting our sample into two: the associated CIV lines with
vabs < 10, 000 km s−1 and the intervening ones with vabs >
10, 000 km s−1.
The absorber number n(z) is measured by counting the
CIV absorption lines for a given equivalent width range in
the considered redshift range for each line of sight. The line
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Figure 7. Absorber number density evolution dn/dz of the whole
sample of CIV systems. Filled circles represent associated systems
with vabs < 10, 000 km s−1 while open circles the intervening ones
with vabs > 10, 000 km s−1. The error bars represent the propaga-
tion of the Poissonian uncertainties.
count n is then divided by the covered redshift interval ∆z
to obtain dn/dz. The result is presented in Fig. 7. We can
see that the excess of the associated lines over the interven-
ing ones is present in all covered redshift bins although its
significance varies from bin to bin. This result supports the
fact that the observed excess in the offset velocity distribu-
tion is not an effect of the NAL redshift evolution, but is
due to quasar environment. This test is done only for CIV
because contamination by the Lyα forest prevented us from
investigating the same wavelength coverage for other ions.
4.4 Covering Fraction of the studied ions
To better characterize the environment close to our quasar
sample, we measure the covering fractions, fC, of the studied
ions as a function of the velocity offset from zem. These are
defined as the ratio between the number of quasars exhibit-
ing at least one absorber with W0 > 0.2 A˚ within a given
velocity separation of zem and the total number of quasars.
Poissonian uncertainties are taken into account. The com-
plete list of covering fraction measurements is reported in
Tab. 5. We decide to consider lines with W0 > 0.2 A˚ to bet-
ter compare our results with previous works present in the
literature (see section §5), but measurements of the fC based
on the whole sample are also presented in Tab. 5.
Results are shown in Fig. 8 for CIV1548 (left) and SiIV1393
(right), compared with the random occurrence computed as
the fraction of quasars showing at least one absorber with
W0 > 0.2 A˚ at large velocity separation from zem (vabs >
5×104 km s−1, for CIV and vabs > 2×104 km s−1, for SiIV). The
CIV covering fraction, f1548C , remains statistically significant
over the random occurrence beyond vabs ≈ 10, 000 km s−1.
Then, it shows a shallow declining incidence. This suggests
that most of the excess of CIV gas at low velocities lies
within the host halo. Interestingly, f1548C for vabs < 5000 km s
−1
and for vabs < 10, 000 km s−1 have the same value. Further-
more, we confirm that quasars showing an absorber with
5000 < vabs < 10, 000 km s−1 always have an absorber with
vabs < 5000 km s−1, but the opposite is not always true. This
points out the presence of a complex velocity structure, in-
creasing the probability of these absorbers to be part of
outflows. We note also that considering the whole sample
(Tab. 5) almost 3/4 (∼ 72 percent) of the quasars show CIV
NALs within 10, 000 km s−1. This is comparable to the fre-
quency (& 60 percent) observed by Vestergaard (2003) and
shows how common this phenomenon is. Vestergaard et al.
(2003) also found that about 25 percent of the quasars have
associated NALs with W1548 > 0.5 A˚. To allow a more direct
and quantitative comparison with this work, we can con-
sider in our sample only the absorbers with W1548 > 0.5 A˚
and within vabs < 5000 km s−1. Indeed we do find exactly 25
percent. For SiIV, f1393C is marginally statistical significant
over the random distribution only at vabs < 5000 km s−1. In
fact, we have already seen in Fig. 4 that the SiIV excess is
largely dominated by weak lines, with W1393 < 0.2 A˚.
The covering fractions measured for NV1238 (left) and
CII1334 (right) are presented in Fig. 9. The fraction f1238C
(whole sample) is fairly high ∼ 0.25 at vabs < 2500 km s−1,
then it drops steeply to ∼ 0.12 at 2500 < vabs < 5000 km s−1.
Since the velocity range in which we have been able to ex-
plore the presence of NV is relatively narrow because of the
contamination by the Lyα forest, we do not have a reference
value to compare the f1238C with.
Fechner & Richter (2009, FR09, hereafter), have car-
ried out a survey of NV systems with a sample of 19 higher
resolution spectra of quasars with 1.5 . z . 2.5. They find
that the fraction of intervening CIV systems showing NV
absorption is ∼ 11 percent, without any cut in equivalent
width, while roughly 37 percent of associated CIV absorbers
(vabs < 5000 km s−1) exhibit NV as well. They do not say
how many quasars show at least one intervening NV thus,
we could take their ∼ 11 percent as an upper limit of the
random occurrence and our detection frequency would re-
main statistically significant. The steep drop of the f1238C at
vabs > 2500 km s−1 close to values that are typical of interven-
ing regions suggests that the NV gas with vabs < 2500 km s−1
lies predominantly inside the host halo. In addition, we can
directly compare to their 11 percent the fraction of CIV,
with vabs < 5000 km s−1, exhibiting NV in our sample, that is
∼ 35 percent. This is strong evidence that NV systems ex-
hibit an excess above random occurrence. However, we have
to take into account that the sample analyzed by FR09 is
most likely incomplete due to blending with the Lyα forest.
So, the actual rate of incidence might be higher, in particular
for low column density features. We will discuss in section
§5 the possibility of different origins for intervening and as-
sociated NV systems, and the improvements that could be
made to verify this hypothesis.
The CII covering fraction, f1334C , is smaller than that of
NV. If we consider only the bin with vabs < 5000 km s−1,
f1238C = 0.33 while f
1334
C = 0.15. Interestingly, we notice that
the CII detections with W1334 > 0.2 A˚ are all corresponding
to damped Ly-alpha (DLA and sub-DLA) systems (Berg
et al. 2016; submitted). DLAs are defined to be systems
where the hydrogen column density is larger than NHI >
2×1020 cm−2. We would like to emphasize that CII detections
in our sample are probably not tracing gas sited in the host
halo.
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Table 5. Covering fractions of CIV, SiIV, NV and CII.
Velocity [km s−1] f1548C f
1393
C f
1238
C f
1334
C
W0 > 0.2A˚
vabs<5000 0.43 ± 0.07 0.13 ± 0.04 0.22 ± 0.05 0.08 ± 0.03
5000<vabs<10,000 0.27 ± 0.05 0.09 ± 0.03 - 0.02 ± 0.01
vabs<10,000 0.43 ± 0.07 0.13 ± 0.04 - 0.10 ± 0.3
Whole sample
vabs<5000 0.72 ± 0.09 0.32 ± 0.04 0.33 ± 0.06 0.15 ± 0.04
5000<vabs<10,000 0.64 ± 0.08 0.39 ± 0.03 - 0.09 ± 0.03
vabs<10,000 0.72 ± 0.08 0.32 ± 0.04 - 0.22 ± 0.05
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Figure 8. Covering fractions, fC, for CIV1548 (left) and SiIV1393 (right) estimated from the fraction of quasars exhibiting at least one
absorber with W0 > 0.2 A˚, in bins of velocity offset from zem (horizontal error bars). The horizontal solid line in both plots shows the
mean covering fraction for W0 > 0.2 A˚ lines measured for random 5000 km s−1 intervals far from the quasars, the shaded band represents
the 1σ error.
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Figure 9. Covering fractions, fC, for NV1238 (left) and CII1334 (right) estimated from the fraction of quasars exhibiting at least one
absorber with W0 > 0.2 A˚ (filled circles) or for the whole sample (open circles), in bins of velocity offset from zem.
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4.5 Investigating the ionization structure of the
absorbers
Historically, it has been very difficult to separate intrinsic
NALs from intervening ones without high-resolution spectra
because of the similarities of their line profiles. Since one of
our goals is to determine additional criteria that can be used
to disentangle the two classes of absorbers, it is interesting to
consider the relative number of NALs in different transitions
and their velocity offset distributions. The ion that better
traces the effects of the quasar ionization field will offer the
best statistical means of identifying intrinsic systems.
The velocity offset distribution with respect to the
quasar zem of the ratios of NV and CIV (SiIV and CIV)
equivalent width is shown in Fig. 10, left (right) panel. As
already described in §3.2, we have inspected all the spectra
of our sample looking for NV and SiIV absorptions at the
same CIV redshifts. NV is only measured out to 5500 km s−1
from zem, hence the smaller velocity range of the diagram
relative to previous ones. We search for a correlation be-
tween the offset velocity and the equivalent width of CIV
and NV NALs. It is clear from Fig. 10 (left) that CIV is
equally distributed within the velocity range in which it
has been possible to look for NV absorptions, even if the
strongest systems preferentially reside at zero velocity shift.
We divide the velocity range into two bins, the first one
with −1000 6 vabs 6 2500 km s−1 and the second one with
2500 6 vabs 6 5500 km s−1. We find 72 CIV systems in the
first bin and 68 in the second one. Most of the NV detec-
tions are located closer to the emission redshift: we iden-
tify 34 NV detections and 38 upper limits in the first bin
(−1000 < vabs < 2500 km s−1) and 12 detections and 56 upper
limits within the second bin (2500 < vabs < 5500 km s−1). In
other words, looking at the CIV absorbers in the first bin we
have a probability of 47 percent to find a NV at the same
absorption redshift, while this probability decreases to 18
percent in the second bin. This trend can be explained if we
consider the effect of the quasar ionizing radiation. Indeed,
closer to the emission redshift the radiation field is more
intense and it allows nitrogen to be highly ionized. As ex-
pected DLA systems (marked by open stars in the figure) do
not have any detected associated NV absorption systems be-
cause of the self-shielding effects of HI, that prevents highly
ionized atoms to be formed (but see Fox et al. 2009).
We search also for a correlation between the offset ve-
locity and the equivalent width ratio of CIV to SiIV NALs
in the same velocity range. In Fig. 10 (right), SiIV de-
tections do not preferentially reside around zem, nor do
we find a clustering of the strongest systems close to zem.
We find 26 detections and 46 upper limits in the first bin
(−1000 < vabs < 2500 km s−1); and 27 and 42, respectively, in
the second one (2500 < vabs < 5500 km s−1). This corresponds
to a probability of 36 percent to find a SiIV at the same
redshift as CIV absorption in the first bin and a probability
of 40 percent in the second one. Above unity, representing
the equality of the equivalent widths ratio, we find only 2
SiIV detections. Indeed, there are not many systems with
very strong SiIV absorption able to dominate over the CIV
absorption. The DLA systems, indicated by the filled stars
in the figure, exhibit SiIV detections and their values are
distributed over the entire range of SiIV equivalent widths.
Bearing in mind the different behavior of NV and SiIV
ionization paths, we match the results of the latter two fig-
ures. The result is shown in Fig. 11. Immediately, we can
see that above the dashed horizontal line, representing the
equality of the NV and CIV equivalent widths, there is only
one system with a SiIV detection. When a strong NV is
present, we find mainly upper limits for the SiIV. Conversely,
the DLA systems show detections for the SiIV and only up-
per limits for the NV. We do not find a large number of
systems showing both ions and most of them have SiIV with
W1393 < 0.2 A˚ (see Fig. 11). Interestingly many of them (9
out of 19) are at the same redshift as a strong CIV NAL,
with W1548 > 0.8 A˚. Once more, we can appreciate the effects
of the quasar ionizing radiation. Since the NV and SiIV have
very different ionization potentials, 97.9 and 33.5 eV respec-
tively, it is easier to find NV absorbers with respect to SiIV
where the radiation field is stronger and vice versa. There-
fore, this result confirms that NV is a better tracer of the
hard quasar spectra.
5 DISCUSSION
Quasar outflows have been increasingly invoked from theo-
retical models of galaxy formation and evolution to regulate
both the star formation in the host galaxies and the infall of
matter towards the central SMBH (Granato et al. 2004; Di
Matteo, Springel & Hernquist 2005; Hopkins & Elvis 2010).
The SMBH at the center of galaxies can produce a terrific
amount of energy (∼ 1062 erg). Even if just a few percent
of the quasar bolometric luminosity were released into the
ISM of the host galaxy, it would represent significant feed-
back for the host galaxy evolution, (e.g. ∼ 5 percent Lbol,
Scannapieco & Oh 2004; Di Matteo et al. 2005; Prochaska
& Hennawi 2009). This type of coupling via feedback could
provide a natural explanation for the observed mass correla-
tion between SMBHs and their host galaxy spheroids (e.g.,
King 2003; McConnell et al. 2013).
A key piece of information to understand if outflow feed-
back can affect the host galaxy evolution, is the fraction of
quasar driving outflows, as well as their energetics. The lat-
ter quantity can be inferred from the velocity, column den-
sity, and global covering factor of the outflowing gas. All
these observable quantities are connected with the dynami-
cal models of accretion disk winds. With the aim of studying
quasar winds, we must carefully select absorption-line sys-
tems that truly sample outflowing gas.
In the systematic search for highly ionized absorption
species commonly used to identify outflows (e.g. CIV, SiIV,
NV, OVI), the NV ion is detected in previous works with the
lowest frequency. However, the fraction of these systems that
are intrinsic is much larger than that of other excited-state
species. Misawa et al. (2007) derived for the NV systems
an intrinsic fraction of 75 percent, through partial cover-
age and line locking methods. Ganguly et al. (2013), using
the same techniques, found an intrinsic fraction of 29-56 per-
cent, and suggested to use NV in constructing large catalogs
of intrinsic systems with lower resolution and/or lower S/N
data. This is not surprising given the overabundance of ni-
trogen in AGN reported by some authors (e.g., Hamann &
Ferland 1999). Quasars are generally metal-rich (e.g., Diet-
rich et al. 2003) and about solar [N/H] has been measured
in associated systems (e.g., D’Odorico et al. 2004). There
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Fig. 10. The inset represents a zoom of the bottom left region of
the diagram. The horizontal dashed line represents the equality
of the NV and CIV equivalent widths.
is also evidence for higher than solar metal abundances in
AGN outflows from the analysis of NALs (Wu et al. 2010;
Hamann et al. 2011), making NV easily detectable in prox-
imate absorbers. These metallicities are very high and very
rare for any intervening absorption system.
Very strong NV absorption is characteristic of many in-
trinsic NALs, that are known to be related with the AGN
winds/host-galaxy because of a velocity within ∼ 5000 km s−1
of the zem, and evidence of partial coverage of the quasar
continuum/broad emission line source (Hamann et al. 2000;
Srianand et al. 2002, Wu et al. 2010). For example, Wu et
al. (2010) addressed the origin of three 2.6<z<3.0 NV ab-
sorbers and pointed out how NV is a good estimator of the
intrinsic nature of systems. They performed photoionization
models to infer the physical conditions for these absorbers,
and found metallicities greater than 10 times the solar value,
and high ionization parameters (logU ∼ 0). The unusual
strength of these NV lines resulted from a combination of
partial coverage, a high ionization state, and high metallic-
ity.
On this basis, we compute the fraction of quasars host-
ing at least one intrinsic absorption system exploiting the
detection of NV corresponding to CIV absorptions in our
sample, to be 33 percent. This value can be compared with
the fraction of quasar showing at least one intrinsic NV ab-
sorber from previous studies (e.g., ∼ 19 percent, Misawa et
al. 2007). We expect our estimate to be slightly higher than
that derived through partial coverage or line-locking, be-
cause these selection criteria catch only 12 − 44 percent of
intrinsic systems (Ganguly et al. 2013). Indeed, intrinsic ab-
sorbers could be too far from the central engine to cause
partial coverage, and may not be line locked.
We have shown in the previous section that NV is the
ion that traces best (amongst those considered) the effects
of the quasar ionization field, offering the best statistical
tool to identify intrinsic systems. Furthermore, other stud-
ies present in the literature have argued that associated NV
shows distinctive signatures of its intrinsic nature with re-
spect to intervening systems. In particular, FR09 have con-
structed detailed photoionization models to study the phys-
ical conditions of the absorbers and to constrain the ionizing
radiation field. This work has pointed out that intervening
NV absorbers are not tracers of the spectral hardness of the
ionizing radiation. These systems were found to be system-
atically weaker than both CIV and associated NV lines.
Motivated by these results, we explore in more detail the
properties of our sample of NV absorbers. Fig. 12 represents
the velocity offset distribution of the NV and CIV column
density ratios of our sample. It is clear from Fig. 12 that most
(∼ 68 percent) of the detections have a column densities ratio
larger than 1. This is consistent with the result by FR09 :
associated NV systems exhibit similar or even larger column
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Figure 13. Distribution of the measured NV column densities
of our sample (diagonal filled histogram). Also shown are the
intervening (dotted histogram) and associated (dark shaded his-
togram) NV column density distributions from FR09. The dashed
vertical line represents the detection limit of our sample, explain-
ing the lack of low N1238 absorbers with respect to FR09 based
on high resolution data.
density with respect to CIV. The fraction of quasars showing
at least one NV absorption line with N1238/N1548 > 1 is 26
percent.
Fig. 13 shows the distribution of the NV column densi-
ties of our sample (diagonal filled histogram), compared with
the column density distributions by FR09. It is clear from
Fig. 13 that associated NV systems start dominating the dis-
tribution at values of the order of logN1238 ∼ 13.5 and that
no intervening NV system with logN1238 > 14 is detected.
Looking at our sample, 85 percent of the NV absorbers have
column densities larger than logN1238 = 13.5 and 55 percent
have values larger than logN1238 = 14. The number of quasars
showing at least one NV absorption line with logN1238 > 13.5
is 30 percent, which reduces to 19 percent if a threshold of
logN1238 > 14 is considered.
Furthermore, Kuraszkiewicz & Green (2002) found that
the NV/CIV ratio for the broad emission line (BEL) gas
correlates strongly with the NV/CIV ratio for the associated
NAL systems, while the control sample of intervening NV
absorbers in their analysis does not show this correlation.
Their finding identifies an additional test for the intrinsic
nature of NALs in any given object. We will explore this
correlation for our sample in a forthcoming paper (Perrotta
et al. in prep.).
5.1 Characterizing the quasar radiation field
We have shown in the previous sections that we detect a
statistically significant excess over the random occurrence
of NALs up to 10, 000 km s−1 from the systemic redshift.
This excess does not show any dependence on the quasar
bolometric luminosity.
Looking at the CIV and SiIV velocity offset distribu-
tions relative to the quasar zem, we can appreciate the ef-
fect of the quasar radiation field influencing the gas along
the propagation direction of the outflows. In particular,
strong and weak lines in Fig. 4 (left bottom panel) display
a different behaviour in the velocity range −1000 < vabs <
5000 km s−1. Indeed, the excess is less significant for the
weaker lines. A possible explanation could be that in the
first bin we examine gas closer to the emission redshift and
therefore more directly influenced by the quasar radiation.
Closer to the quasar, the gas is more easily ionized and it is
thus reasonable to expect that the occurrence of the weaker
lines decreases there. Furthermore, in general we find a less
significant SiIV excess with respect to CIV. This is probably
due to the different ionization potentials needed to produce
these ions: 33.5 and 47.9 eV, respectively. It is reasonable to
expect that closer to the quasar, where the radiation field
is more intense, a smaller fraction of Si is in the form of
SiIV. We have shown in the previous section that intrinsic
NV systems exhibit similar or even larger column density
with respect to CIV. The strong NV could be explained by
an ionization effect but could also trace higher metallicities
and N/C abundances characteristic of quasar outflows and
environment (e.g. Wu et al. 2010). The equivalent width of
NV lines could also be boosted relative to other transitions
with larger column densities as an effect of partial cover-
age. For what concerns the weaker lines, they are probably
associated to galaxy halos in the quasar vicinity.
We compared our results on the quasar proximity en-
vironment along the line of sight with the results obtained
in the transverse direction using quasar pairs at close an-
gular separation on the sky (e.g., Prochaska et al. 2014,
PR14 herafter). Recent studies (e.g., Hennawi et al. 2006;
Prochaska et al. 2013; Farina et al. 2013) have revealed that
quasar host galaxies exhibit strong absorption features due
to cool gas (e.g. HI,MgII,CII) in the transverse direction. At
impact parameters of ∼ 100 kpc, the incidence of optically
thick gas is > 50 percent and the gas is substantially en-
riched (Prochaska et al. 2013; Farina et al. 2014). This is in
contrast with what we observe along the line of sight, sug-
gesting a scenario where the ionizing emission of the quasar
is anisotropic (as predicted in AGN unification models). We
can exploit these studies to evaluate if the excess we find is
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statistically significant over the environmental absorption,
comparing our results with those derived from gas not di-
rectly influenced by quasar outflows.
PR14 clearly demonstrate that the environment sur-
rounding the host galaxies of luminous z ∼ 2 quasars exhibit
an excess of CIV absorption lines with W1548 > 0.2 A˚ to scales
of 500 kpc from the quasar decreasing smoothly toward 1
Mpc. The authors quantify this excess by estimating the
two-point-correlation function between CIV absorbers and
quasars. The large clustering amplitude (r0 = 7.5+2.8−1.4 h
−1 Mpc)
obtained from this analysis, implies that the CIV gas traces
the same large-scale over densities as the halos manifesting
z ∼ 2 quasars. This result has been interpreted as evidence
that the CIV gas is physically related to the massive halos
(M > 1012 M) of galaxies that cluster with the quasar host.
Clearly, we cannot directly compare our detection fraction
(Fig. 8, left) with the one derived in the PR14 analysis (see
their Fig. 5, right). In fact, the detected CIV velocity off-
set cannot be directly translated into a physical distance
because the redshift includes also the information on the
peculiar velocity of the absorber. If we did that, we would
obtain a proper separation of the order of ∼ 10 Mpc, im-
plying a lack of correlation between the absorber and the
quasar host galaxy. Probably, all the gas studied by PR14 is
contained in our first bin, within 5000 km s−1 of zem. Indeed
the average of their detection fraction (i.e. 0.51) is close to
the value in our first bin (i.e. 0.43). In conclusion, we ob-
serve a comparable incidence of CIV absorptions along and
across the line of sight, suggesting that this ion will not allow
us to disentangle AGN outflow systems from environmental
absorptions.
A completely different behavior is shown by NV NALs.
In section §4.4, we reported that, in our sample, NV ex-
hibits an excess over random occurrence within 5000 km s−1
of zem. Conversely, in the transverse direction only one NV
detection has been detected in a sample of about 400 quasar
pairs (Lau et al. 2015). This is further evidence that NV is
the byproduct of the quasar ionizing radiation acting along
the line of sight. We reported in sections §4.2 and §4.4 that
the excess of CIV gas at low velocities lies within the host
halo and that most of this excess can be explained by the
subset of CIV absorptions with detected NV. We are not
able to infer the physical separation of the absorbing gas
from the quasar, but NV NALs likely originate at small dis-
tances from the central engine (Wu et al. 2010). This ab-
sorbing material might be part of outflows in the accretion
disk wind itself and its density would be order of magni-
tude bigger than that of intervening systems. In a future
work we will perform detailed photoionization models to in-
fer the physical conditions of some detected NV NALs in
our sample exploiting high-resolution spectra obtained with
UVES/VLT.
In addition, in the transverse direction a huge amount
of CII with W1334 > 0.2 A˚ extending to 200 kpc from the con-
sidered quasars was found by PR14, (see their Fig. 5, left).
The steep drop in covering fraction, f1334C , at distances larger
than 200 kpc requires that this CII gas lies predominantly
within the host halo. In contrast with this result, we have
shown in section §4.4, (Fig. 8, right), that the frequency with
which CII is detected in our survey is very small. Moreover,
if we consider only absorbers with W1334 > 0.2 A˚, then we
see that they are all related to identified DLA (or sub-DLA)
systems probably unrelated with the host halo. Hence, we
verify the absence of cool gas (in particular CII) along the
line of sight associated to the quasar host galaxy, in contrast
with what is observed in the transverse direction.
Wild et al. (2008) used a cross-correlation analysis of
quasar-absorber pairs to measure the strength of narrow ab-
sorber clustering around quasars. They claim that galaxies
in the vicinity of the quasar may contribute as much as ∼ 55
percent of the excess of the absorbers with vabs . 3000 km s−1.
We will perform our own CIV clustering analysis to validate
the observed excess in a forthcoming paper (Perrotta et al.
in prep.).
6 CONCLUSIONS
We have exploited the spectra of 100 quasars at emission
redshift zem = 3.5 − 4.5 to construct a large, relatively unbi-
ased, sample of NAL systems and statistically study their
physical properties. The observations have been carried out
with VLT/X-shooter in the context of the XQ-100 Legacy
Survey. The combination of high S/N, large wavelength cov-
erage and intermediate resolution makes XQ-100 a unique
dataset to study NALs of high-z quasars in a single, homo-
geneous and statistically significant sample. Inspecting the
whole dataset we have identified almost one thousand CIV
systems, covering the redshift range 2.55 < z < 4.73. Further-
more, the quality and wavelength extent of our spectra allow
us to look for other common ions (NV, SiIV and CII) at the
same redshifts of the detected CIV absorbers. Contamina-
tion by the Ly-α forest prevent us from exploring the same
velocity range for all the ions. In particular, these data allow
us to look for NV only within 5500 km s−1 of zem. The final
sample contains 986 CIV, 236 SiIV, 46 NV and 28 CII1334
NAL detections. Our primary results are as follows.
1) The CIV sample exhibits a statistically significant ex-
cess (∼ 8σ) within 10, 000 km s−1 of zem with respect to the
random occurrence of NALs, which is particularly evident
for lines with W0 < 0.2 A˚. The excess is expected, but ex-
tends to larger velocities than the standard 5000 km s−1 ve-
locity cut-off usually adopted to identify associated system.
The observed excess in the offset velocity distribution is not
an effect of the NAL redshift evolution, but is likely due to
quasar environment. This excess is detected with a larger
significance with respect to previous results and it does not
show a significant dependence from the quasar bolometric
luminosity. Therefore, we suggest to modify the traditional
definition of associated systems when also weak absorbers
(W0 < 0.2 A˚) are considered, extending to 10, 000 km s−1 the
velocity cut-off mostly adopted in the literature.
2) The CIV covering fraction, defined as the ratio between
the number of quasars exhibiting at least one absorber with
W0 > 0.2 A˚ and the total number of quasars within a given
velocity offset of zem, has the same value for vabs < 5000 km s−1
and vabs < 10, 000 km s−1 of zem. Furthermore, we confirm
that each quasar showing an absorber with 5000 km s−1 <
vabs < 10, 000 km s−1 has always at least an absorber with
vabs < 5000 km s−1, while the opposite is not always true.
This indicates the presence of a complex velocity structure,
increasing the probability that these absorbers are part of
outflows.
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3) Out of the ions studied in this work, NV is the ion that
best traces the effects of the quasar ionization field, offering
an excellent statistical tool for identifying intrinsic systems.
Based thereon, we compute the fraction of quasar hosting
at least one intrinsic absorption system using the detection
of NV corresponding to CIV absorptions in our sample to
be 33 percent. This fraction is consistent with previous de-
terminations based on other techniques (e.g., Misawa et al.
2007; Ganguly et al. 2013).
4) Most of the NV lines in our sample have properties com-
patible with those of the intrinsic ones (see section §5): 85
percent of the NV absorbers have column densities larger
than logN1238 > 13.5 and 55 percent have values larger than
logN1238 > 14. In addition, 68 percent of the NV systems
have column densities larger than the associated CIV. If we
consider the subsample of NV with N1238/N1548 > 1 the frac-
tion of quasars with at least one intrinsic absorption-line
becomes 26 percent. Alternatively, if we consider only sys-
tems with logN1238 > 13.5 and logN1238 > 14 we get values of
the order of 30 and 19 percent, respectively.
5) Considering the radio properties of our sample the re-
sults of this work are in general agreement with those by
Vestergaard (2003), although the latter sample has approx-
imately an equal number of RLQs and RQQs, while our
sample is almost entirely composed of RQQs. Taking into ac-
count the Vestergaard (2003) findings, we predict the num-
ber of CIV NAL with W1548 > 1.5 A˚ to be 2. We do find
exactly 2 absorbers. The number of quasars showing CIV
NALs in this work (∼ 72 percent) is comparable to the fre-
quency (> 60 percent) observed by Vestergaard (2003). Fi-
nally, considering only NALs with W1548 > 0.5 A˚ we find ex-
actly the same percentage (25 percent) of quasars with at
least one associated CIV absorber within vabs < 5000 km s−1
of zem as does Vestergaard (2003).
6) We verify the absence of cool gas (in particular CII)
and the presence of highly ionized gas (traced by NV) along
the line of sight associated to the quasar host galaxy, in
contrast with what is observed in the transverse direction
(see PR14 and section §5.1 of this current work). This result
suggest a scenario where the ionizing emission of the quasar
is anisotropic (as predicted by AGN unification models).
The results of this work show strong evidence that NV is
the byproduct of the quasar ionizing radiation acting along
the line of sight. Therefore, it seems reasonable to utilize the
presence of NV related to CIV absorbers to select the best
outflow/intrinsic candidate NALs. These results, therefore,
inspire the following lines of future inquiry:
(i) A study to confirm that with the adopted selection
criteria we are detecting all the NV intrinsic systems. With
this aim, a series of photoionization models (with the code
Cloudy, Ferland et al. 2013) will be performed of all the
systems showing NV in our sample (Perrotta et al. in prep.).
(ii) A partial coverage analysis of the lines detected in our
sample to be compared with the results of this current work.
We will also perform a CIV clustering analysis to validate
the observed excess outlined in item (1) above (Perrotta et
al. in prep.).
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Figure A1. Some examples of the identified absorbers.
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